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Abstract
Changing precipitation patterns caused by climate change are expected to have major
impacts on food security and nutrition in agrarian areas in developing countries.
However, the linkages between the duration and severity of precipitation shocks and
their effects on child nutrition and household food security metrics remain
underexplored. In this study, we used Feed the Future datasets from Ghana and
Bangladesh to examine the impact of precipitation extremes on nutrition, measured
by children’s height-for-age and weight-for-height Z-scores, and food security, mea-
sured by the Household Hunger Scale. We used a spatial error regression to control for
the effects of spatial autocorrelation, and we found an association between precipitation
shocks and household hunger in both Ghana and Bangladesh, as well as an association
between higher rainfall and worse child nutrition in Ghana.
Keywords Climate change . Precipitation .Food security.Hunger.Nutrition .Spatial error
regression
Introduction
The Intergovernmental Panel on Climate Change (IPCC) states in the Fifth Assessment
Report with high confidence that climate change will increase the risk of food insecu-
rity through impacts such as droughts, flooding, and shifting precipitation patterns
(IPCC 2013). While rates of undernutrition and food insecurity have been falling
overall for the past few decades, there have been recent increases in these statistics in
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some locations, which is somewhat attributable to climate shocks (FAO et al. 2018).
Currently, the world is not on track to meet nutrition targets such as the second
Sustainable Development Goal of zero hunger by 2030 (IFPRI 2016), and meeting
these targets will require significant investments in climate-resilient agriculture and
supply chains (WBG 2016). While increasing precipitation extremes induced by
climate change are broadly known to be a threat to food security and nutrition, the
interacting effects of rainfall shocks at various temporal scales, overall changes in
precipitation patterns, and the current water requirements of livelihood systems are
underexplored. Furthermore, much of the work that has been done has not sufficiently
controlled for the effects of spatial autocorrelation in the patterns of precipitation
shocks as well as in food security and nutrition outcomes. Thus, we here explore these
interrelationships, taking care to account for spatial autocorrelation.
Background and previous literature
Substantial literature exists on the pathways by which precipitation shocks can affect food
security (C. Funk et al. 2008; Lobell et al. 2008), with smallholder and subsistence farmers
being particularly vulnerable (Morton 2007). The most immediate impact of unusually
low or high rainfall levels on food security is through harming yields, decreasing the
overall food availability in a location (Afifi et al. 2014; Hanjra and Qureshi 2010;
Schlenker and Lobell 2010; Thornton et al. 2009). Subsistence farmers in low-income
countries often plant crops that are adapted to local long-term rainfall patterns (Altieri et al.
2012; Altieri and Nicholls 2017), but when a given season has rainfall levels that are far
from long-term norms, yields can suffer (Amikuzino and Donkoh 2012; Di Falco and
Chavas 2015). Insufficient water decreases the overall crop productivity, while at the same
time, overabundant water can delay planting, prevent waterlogged roots from absorbing
nutrients, increase the presence of crop pests, and increase lodging, rot, and spoilage in
harvests (Alam et al. 2011; Mirza 2011; Tefera 2012). In addition to harming the yields of
grain and vegetable crops, rainfall shocks can affect the abundance of grazing areas,
leading to lower availability of animal protein (Barrett and Santos 2014; Patton et al.
2007). A decrease in food availability can then cascade to constraints in food access: when
yields and livestock productivity decrease, food prices increase, making food access
difficult for poor households (Brown and Kshirsagar 2015; Devereux 2007; Sen 1983;
Webb 2010). At the same time, households that rely on sales of agricultural products can
experience decreasing incomes, while those relying on agricultural wage labor or trading
with farmers can also be negatively affected (Bola et al. 2014; Cunguara et al. 2011;
Kazianga and Udry 2006; Pandey et al. 2007; Udmale et al. 2015). Finally, excessive
rainfall can increase the risk of infectious diseases such as malarial, parasitic, and diarrheal
disease, in turn harming proper food utilization and increasing rates of undernutrition
(Delpla et al. 2009; Paterson and Lima 2010). To deal with such shocks, households often
adopt strategies of livelihood and agricultural diversification to protect their income and
food security from these shocks (Lay et al. 2009; Maxwell 2002; Scoones 1998), while in
some areas, government social protection programs and international aid can also provide
relief (Calow et al. 2010; Haile 2005; Wilhite et al. 2014).
A recent review paper of research on precipitation and child undernutrition noted
that there is “limited comprehensive empirical evidence at the household level” of an
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association (Phalkey et al. 2015). While it is broadly known that climate change will
affect precipitation patterns and food security, much work remains to be done to
understand which types of precipitation impacts will affect food security and which
populations are most vulnerable. Several studies have found linkages between mean
annual precipitation and child anthropometry (Akresh et al. 2011; Grace et al. 2012;
Huss-Ashmore and Curry 1994), suggesting that changing precipitation patterns in-
duced by climate change may affect child nutrition outcomes. Other researchers have
focused on deviations from long-term norms and have found that both droughts and
periods of excessive rainfall can impact child nutrition due to the effects of these
precipitation extremes on agricultural production and overall food availability (Alder-
man 2010; Chotard et al. 2011; Rodriguez-Llanes et al. 2011). However, there is much
disagreement about the timescales at which precipitation shocks are most relevant to
child undernutrition, with some studies focusing on early-life rainfall (Alderman 2010;
Rodriguez-Llanes et al. 2011), others focusing on prenatal precipitation (Woldehanna
and Lives 2010), others testing for rainfall shocks in recent seasons (Skoufias and
Vinha 2012), and still others looking at rainfall extremes during any single year in an
individual’s first 5 years of life (Alderman 2010). Overall, it seems that little work to
date has examined how precipitation extremes at multiple time scales relate to child
anthropometry outcomes. The relationship between the timing of precipitation impacts
and levels of child stunting is complicated by the fact that while the first thousand days
of a child’s life are most critical for anthropometric attainment (Black et al. 2013a; du
Plessis et al. 2016), there is a well-established phenomenon of catch-up growth,
whereby a child can experience accelerated linear growth after the cessation of a
nutritional shock (Behrman 2015; Godoy et al. 2010; Stobaugh et al. 2018; Wit and
Boersma 2002). Thus, the linkages between the timing and duration of rainfall shocks
and their impact on food security and nutrition merit further study.
While child anthropometry has been used as a metric of food security for decades,
some researchers have raised important concerns regarding its lack of information on
qualitative aspects of food insecurity (Coates et al. 2003; S. Maxwell 1996), and the
fact that is a lagged signal of previous household food insecurity (Carletto et al. 2013).
For these reasons, a number of new rapid indicators of food security have been
developed, including the Household Hunger Scale (HHS) (Jones et al. 2013). However,
linkages between these newer household food security metrics and climate and precip-
itation shocks, as well as their performance in relation to traditional child anthropom-
etry metrics, remain underexplored.
We begin to address these questions by using geospatial data on precipitation
patterns, population densities, and irrigation infrastructure in combination with the
US Agency for International Development (USAID) Feed the Future (FTF) household
survey data. These surveys were commissioned by the USAID and conducted by the
International Food Policy Research Institute (IFPRI) in Bangladesh and the Monitor-
ing, Evaluation and Technical Support Services (METSS) team in Ghana. By compar-
ing surveys from both Bangladesh and Ghana, we have the opportunity to compare the
response of HAZ, WHZ, and HHS scores to precipitation extremes in two very
different agro-ecological contexts: in Bangladesh, with high annual precipitation and
high levels of irrigation, as well as in northern Ghana, with low annual precipitation and
no large-scale irrigation. These surveys were designed to measure food security and
child nutrition as well as critical covariates such as household wealth and demographics
Population and Environment
(Feed The Future 2011). Additionally, some FTF surveys collected GPS points at each
household, facilitating the extraction of meteorological data at the location of each
household to explore relationships between household characteristics, precipitation
conditions, and nutrition and food security outcomes (Brown et al. 2014). We utilized
geolocated FTF surveys from Ghana (2012) and Bangladesh (2011, 2015) to test for an
observable impact of rainfall levels and rainfall extremes on household food security,
measured by the HHS, and child undernutrition, measured by child height-for-age Z-
scores (HAZ) and weight-for-height Z-scores (WHZ) using spatial error regression
(SER) where necessary to account for possible spatial autocorrelation in the
regressions.
Data
Sources
For this analysis, we used data on rural households from Feed the Future surveys
conducted in Ghana and Bangladesh, taking care to properly account for effects of
spatial autocorrelation (see “Modeling methods” section). The 2012 survey from Ghana
was targeted at the Feed the Future Zone of Influence (ZOI) in the northern part of the
country where Feed the Future interventions had taken place, while the survey from
Bangladesh was a nationally representative panel survey from the years 2011 and 2015.
In Ghana, enumeration areas (EAs) were established in the ZOI in the Upper West,
Upper East, and Northern regions, as well as in parts of the Brong-Ahafo region.
Households were randomly sampled from these EAs, and sampling weights were
generated to make the data representative of the ZOI. In Bangladesh, households were
selected from 325 primary sampling units (PSUs) throughout the country, and sampling
weights were devised based on population census data to make the survey nationally
representative.
Rural households with less access to high-quality roads and food markets
generally have lower agricultural productivity (Stifel and Minten 2008). Thus,
children in such areas are more affected by local precipitation patterns (Mulmi
et al. 2016; Shively 2017) and typically exhibit higher rates of stunting (Thapa and
Shively 2018). Therefore, we focused our analysis on rural households, as other
researchers have done in similar studies (Phalkey et al. 2015). For Ghana, we only
use data on households from PSUs designated as rural in the sampling frame of
the Ghana survey, while for Bangladesh, because EAs were not classified into
urban and rural, we excluded households within 30-min travel time to cities of
over 20,000 people, with the time to travel to cities calculated using a methodol-
ogy developed by IFPRI (Guo and Cox 2014). This yielded a final dataset of 2362
Ghanaian households and 4,878 unique Bangladeshi households. Of the Bangla-
deshi households, 4464 were observed twice, 342 where only observed in 2011,
and 72 were only observed in 2015, yielding a dataset of 9342 observations.
Finally, for our analysis of HAZ and WHZ scores, we had a final dataset of 3271
children from Bangladesh and 1346 children from Ghana. There were fewer
children than households in both countries because not all households had chil-
dren under 5 years old.
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Outcome variables
Our anthropometric outcome variables were height-for-age Z-scores (HAZ) and
weight-for-height Z-scores (WHZ)1 of children under 5 years old. This approach
involves comparing the height and weight/height ratio of a child under 5 years old to
the distributions of these measurements for children of the same age and gender in a
healthy population and assigning a Z-score (WHO 1995). A child’s HAZ score is a
common indicator of stunting, which results from long-term, chronic undernutrition,
while a child’s WHZ score is an indicator wasting, which results from recent and acute
undernutrition (Lewit and Kerrebrock 1997). These metrics have been used for decades
and have been found to be a salient indicator of child health status (Black et al. 2013b),
and strongly related to agricultural variables (Bezner Kerr et al. 2011; Cunningham
et al. 2015; Shively 2017; Webb and Kennedy 2014), environmental variables (Akseer
et al. 2018; Buttenheim 2008; Chagomoka et al. 2018; Grace et al. 2017), as well as
other child health metrics (Black et al. 2008; Caulfield et al. 2006; Dewey and Begum
2011). The population-level rates of stunting and wasting can be derived from the
percentage of children with HAZ and WHZ scores less than − 2, although natural
variation in human height as well as the arbitrary cutoff of − 2 makes it inappropriate to
classify an individual child as stunted or wasted from anthropometry alone (Perumal
et al. 2018). Stunting and wasting can bear long-term effects on educational outcomes,
disease risk, and potential adult income (Badham and Sweet 2010; Dewey and Begum
2011), and so reducing the rates of these indicators of undernutrition is a critical part of
sustainable development (Daelmans et al. 2017).
In addition to child HAZ and WHZ scores, we also analyzed the Household Hunger
Scale (HHS), a common indicator of household food insecurity (Jones et al. 2013),
measured in both the Ghana and Bangladesh surveys. The HHS consists of three
questions about a household’s experience of insecurity (Ballard 2011), expressed by:
1. Was there ever no food to eat of any kind in your house because of lack of
resources to get food?
2. Did you or any household member go to sleep at night hungry because there was
not enough food?
3. Did you or any household member go a whole day and night without eating
anything because there was not enough food?
Households report how frequently they had experienced these events over the previous
4 weeks, and a score is given for each question (never, 0; rarely or sometimes, 1; often,
2). The frequency scores across all three questions are summed to yield the final HHS
score, with a value of 0 indicating no experiences of hunger, and a value of 6 indicating
frequent experiences of all three forms of hunger over the previous 4 weeks. The HHS
was developed from applications of the Household Food Insecurity Access Scale
(HFIAS), which consisted of nine questions (Deitchler et al. 2010). Both the HHS
and the HFIAS grew out of a recognized need for indicators of food security that could
1 Height-for-age and weight-for-height Z-scores are expressed by: Z−zscorei ¼ xi−μSD , where xi is the observed
value of the anthropometric measure while μ is the median and SD the standard deviation of the reference
population’s value (by age and gender), based on the WHO Child Growth Standards (2006).
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be rapidly deployed and that capture experiential aspects of food insecurity (Carletto
et al. 2013; Coates et al. 2003). However, some of the nine questions in the HFIAS
were found to be difficult to translate into other languages, while the item-step severity
of the scale did not always change monotonically (Deitchler et al. 2010; Jones et al.
2013). Thus, the HHS is based on only three questions from the HFIAS which are most
readily translatable and applicable to other cultural settings and are most likely to show
item-step severity trends that are monotonic. Overall, compared to the HFIAS, the HHS
is recognized to have the highest potential to be internally, externally and cross-
culturally valid (Deitchler et al. 2010). While it has been pointed out that the HHS
measures hunger and not food security per se (Jones et al. 2013), food security itself
cannot be measured directly (Vaitla et al. 2017) and the HHS certainly captures an
important aspect of food security. Thus, in this paper, we take increased hunger as
measured by the HHS score as indicative of worse food security.
Predictor variables
We used rainfall data from the Climate Hazards Group InfraRed Precipitation
with Station (CHIRPS) dataset (Chris Funk et al. 2015), and we calculated the
long-term rainfall norm as well as the standardized precipitation index (SPI) at
intervals from 1 to 5 years for each household. The SPI is a derived measure of
wetness/dryness for a given location based on long-term norms at that site, with
a positive SPI score indicating a wetter-than-normal period and a negative SPI
score indicating a drier-than-normal period (Table 1) (Guttman 1999). The time
scale used to calculate the SPI varies depending upon the application, with
studies focusing on agriculture using SPI a shorter timescales of up to
12 months (Brown 2008), studies focusing on WHZ scores calculating SPI
over shorter windows such as 3 months (Delbiso et al. 2017; Lazzaroni and
Wagner 2016), and studies focusing on other health impacts calculating SPI
over longer windows of up to 48 months (Dinkelman 2017; Hyland and Russ
2019), with most studies finding a significant association between SPI and
various outcome variables of interest.
To explore how rainfall aberrations over different time periods can affect
food security and nutrition, for our analysis, we ran separate regressions with
SPI values measured at 12-, 24-, 36-, 48-, and 60-month intervals for each
country and outcome variable. For each survey analyzed, spatial variation in
SPI scores is substantial. The maps in Fig. 1 show the observed 48-month SPI
values in the Ghana and Bangladesh household surveys. In Ghana, precipitation
in the north was slightly higher than normal, and near the Volta Basin in the
east it was significantly wetter than normal. Bangladesh had showed similar
rainfall patterns in the north in both 2011 and 2015, with households in north
and central Bangladesh experiencing drier-than-average periods, with farmers in
the northeast of the country in the Sylhet region experiencing wetter-than-
average periods. In the south of Bangladesh, precipitation patterns differed
between 2011 and 2015. Households in Barisal were experiencing ample rain-
fall in 2011 but experienced a dry period leading up to 2015, while households
in Chittagong in the southeast experienced a mildly wet period in 2011 and a
very wet period in 2015.
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Control variables
To better assess the relationship between precipitation and food security and nutrition,
we control for several other geographic-, household-, and individual-level variables.
Household wealth is a strong determinant of both household food security status and
child nutrition status (Ahmed et al. 2012). Because there was no measure of income or
expenditure in the surveys, we constructed an index of household wealth through
principal component analysis (PCA) on household assets and other indicators of wealth
(Vyas and Kumaranayake 2006). For each country, the first principal component factor
explained a large proportion of the variance (68% and 65% of the variance in
Bangladesh and Ghana, respectively). The assets we used varied by country and are
summarized in Appendix 1.
In addition to an asset index, other variables included were the household size,
household head characteristics such as sex, religion, and education, as well as the
fraction of a household not of working age. The two datasets did not have identical
information on household or individual characteristics, and in some cases, variables
were frequently missing or incomplete, so different control variables were used in the
country-level analyses. In Bangladesh, the interview month was included in the
2.3 1.8 1.3 0.8 0.3 -0.2 -0.7 -1.2 -1.7 -2.2
Bangladesh 2011 Bangladesh 2015Ghana 2012
48-Month Standardized Precipitation-Evapotranspiration Index (SPEI)
Fig. 1 Locations of households used in the analysis, as well as observed 48-month SPI values at each
household. Figure was made using ArcMap
Table 1 SPI values and their in-
terpretation. SPI values can be
calculated over a range of time-
scales and are a measure of how
rainfall levels over a given period
differ from the long-term norm
SPI range Interpretation
< − 2 Extremely dry
− 1.5 to − 2 Moderately dry
− 1 to − 1.5 Dry
− 1 to 1 Normal precipitation
1–1.5 Wet
1.5–2 Moderately wet
> 2 Extremely wet
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regressions in order to control for seasonal effects; however, these were not included in
Ghana as the entire survey took place over the course of a month. These variables are
summarized in Table 2.
In addition to household- and individual-level characteristics, we also included the
population density of a location in the regressions, as well as a fixed effect at the Admin-
1 level, which corresponds to the region in Ghana and the division in Bangladesh. For
population density, we used the World Pop dataset (Tatem 2017) and counted the
number of individuals within 7.5 km of a given household. Because this information
is available for 5-year intervals, we used population estimates for 2010 for FTF surveys
conducted in 2011 and 2012; and estimates for 2015 for surveys conducted in 2015.
Finally, for Bangladesh, we included a term for the prevalence of irrigation
around a household. This is because a large share of the county’s agriculture is
irrigated: in 2015, 71% of the country’s arable land was equipped with irriga-
tion (FAOSTAT 2018). Furthermore, because irrigated agriculture does not
depend on rainfall, irrigation systems can buffer food security and nutrition
from the effects of local drought (Alam 2015), and can also provide protection
against flooding (Alexander et al. 1998). Our metric of irrigation prevalence
was the percent of the irrigated area out of the total rice cultivated area, derived
Table 2 Summary of variables included as covariates in the regressions as well as their availability by
country. Where applicable, variable units are given
Variable Ghana Bangladesh
Outcome variables
Household Hunger Scale Yes Yes
Height-for-age Z-Score Yes Yes
Geographic variables
Population within 7.5 km (count of people) Yes Yes
Percent of agricultural area irrigated No Yes
Household variables
HH size (number of individuals) Yes Yes
Asset index Yes Yes
HH head religion Yes Yes
HH head age (years) Yes Yes
HH head literate Yes Yes
HH head education level No Yes
HH head sex Yes Yes
Percentage of household under 12 or over 60 years of age Yes Yes
Interview month No Yes
Survey year n.a. Yes
Individual variables (used in nutrition analyses)
Age (months) Yes Yes
Gender Yes Yes
Child’s birth order Yes No
Siblings born within 24 months Yes No
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from the MapSPAM model (You et al. 2014), which is in turn based on FAO’s
Global Map of Irrigation Areas (GMIA) (Siebert et al. 2013), and is at a
resolution of 10 km. We use a metric for the irrigation in areas around a
household rather than a household’s specific levels of irrigated agriculture
because many households, especially poorer households, rely on agricultural
labor on other’s farms for their income. Thus, a household’s income would not
only be affected by whether their own fields are irrigated but also the presence
of irrigated agriculture within a few kilometers.
Descriptive statistics
To generate hypotheses to be tested in the multivariate regression framework and facilitate
the interpretation of estimation results, in this section, we graph probability density and
probability mass functions, as well as summary statistics of several key statistics in the
regressions. Additionally, complete summary statistics are provided in Appendix 2.
SPI
For each country, the SPI values provided ample variation in each regression (Fig. 2).
SPI scores in Bangladesh varied more than in Ghana, often from less than − 2, signaling
extremely dry conditions, to 2, signaling moderately wet conditions, depending on the
period. In both 2011 and 2015, the majority of households were subject to lower
rainfall than the long-term norm for SPI values calculated at all time windows. For
Ghana, none of the households experienced drought at the time of the survey, and only
a few households had SPI values less than 0 when calculated by the 12-month window,
meaning that we can only examine the effects of extreme rainfall on food security and
anthropometry outcomes in Ghana and not the effects of drought. For most time
windows, SPI values ranged from near-normal to moderately wet conditions.
Average annual precipitation
The density plots below report the distribution of average annual precipitation levels among
households in the two countries. Bangladesh receives significantly more rainfall than Ghana,
Bangladesh 2011 Bangladesh 2015 Ghana
−2 −1 0 1 2 3 −2 −1 0 1 2 3 −2 −1 0 1 2 3
0.0
0.5
1.0
1.5
Standardized Precipitation Index
D
en
si
ty
Period
12 Months
24 Months
36 Months
48 Months
60 Months
Fig. 2 Density plots of observed SPI scores, by survey and the period over which the SPI was calculated.
Figure was made in R using the ggplot2 library
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with the minimum rainfall in Bangladesh being similar to the maximum rainfall in Ghana.
Bangladesh shows much greater variation in rainfall distribution, from 1420 to 5000 mm per
year, whereas Ghana only ranges from 912 to 1370 mm per year (Fig. 3).
HHS
In Bangladesh, 10.1% of households had experienced hunger in the previous 4 weeks
at the time of the 2011 survey and 11.7% had experienced hunger in the previous
4 weeks at the time of the 2015 survey, with progressively fewer households at each
level of increasing severity. Ghana, on the other hand, showed higher scores, with
56.7% households reporting some level of hunger (Fig. 4). The count and percent
distribution of households for each value of the hunger scale is provided in Appendix 2.
Child HAZ and WHZ scores
Rates of stunting and were very high in both Ghana and Bangladesh, at 38% and 43%,
respectively, while rates of wasting were lower, at 14% in Bangladesh and 11% in
Ghana. While the Z-scores of children clustered well below 0 in each country, there was
still substantial variation in heights (Fig. 5).
Modeling methods and results
In this analysis, we took care to control for spatial autocorrelation. This is because
outcomes such as HHS and HAZ scores are often correlated spatially: nearby house-
holds are likely to show similar nutrition and food security outcomes. The correlations
in outcomes could be due to a variety of factors, such as spatial clustering in the
distribution of poverty, disease burden, market access, soil fertility, pest outbreaks, or
farming practices. Thus, it is necessary to use a SER because OLS assumes that each
observation is independent. If there is an underlying spatial structure to the error terms,
a simple ordinary least-squares (OLS) regression will tend to underestimate the vari-
ance and therefore will overestimate the p values in the model (Ward and Gleditsch
2008).
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Fig. 3 Density plots of average annual precipitation levels across observed households, by country.
Figure was made in R using the ggplot2 library
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To verify that there is a need to conduct a SER and to determine the distance cutoffs
for the spatial weight matrix, we first conducted an exploratory spatial data analysis
(ESDA). For each outcome and each country, we tested to determine whether or not the
residuals of an OLS regression show spatial autocorrelation, and we did this using a
Moran’s I test (Table 3). Then, for outcomes for which spatial autocorrelation was
detected by a Moran’s I test, we plotted a correlogram for the outcome variable to
determine the distance at which spatial autocorrelation disappears and then used this
distance to construct a spatial weight matrix.
We modeled outcome variables for which we observed spatial autocorrelation using
a SER, which uses a spatial weights matrix to correct the error term and obtained
unbiased coefficients and p value estimates (Anselin 2001; Bivand et al. 2005; Ward
and Gleditsch 2008). The SER differs from the spatially lagged regression (SLR) model
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Fig. 4 Frequency plot of observed Household Hunger Scale (HHS) scores, by survey. Lower scores indicated
less hunger
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Fig. 5 Density plot of observed child height-for-age Z-scores (HAZ) and weight-for-age Z-scores in compar-
ison to a reference healthy population, by country. An HAZ score of less than − 2 is considered stunted and a
WHZ score of less than − 2 is considered wasted. Figure was made in R using the ggplot2 library
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in that it models spatial correlation in the error term due to unobservable processes
affecting households across space, while the SLR explicitly models the spatial corre-
lation in the dependent variable due to observable characteristics spatially correlated
across households (Ward and Gleditsch 2008). A SLR is more appropriate when the
value of one observation affects the value of nearby observations, whereas a SER is
more appropriate when the values of observations are independent from each other but
affected by unobservable underlying spatial processes. Since child nutrition and house-
hold food security statuses are more affected by unobserved spatial conditions than by
the correlation of the observed characteristics among children and households across
space, we used a SER.
Specifically, a SER takes the form:
y ¼ β0 þ βX þ λWξþ ϵ
where, as in a typical regression, y is the outcome variable, β0 is the intercept, β is a vector of
coefficients, and X is a matrix of observed covariates. In a SER, the error term is
decomposed into ϵ, the spatially uncorrelated error component, and ξ, the spatial error
component, which is estimated using thematrix of spatial connectivitiesWand the parameter
λ, which indicates the degree to which error terms are spatially correlated. We estimated the
matrix of spatial connectivitiesW for neighbors within the cutoff distance determined by the
correlograms. In every regression, we included sample weights.
For each country, we ran separate regressions for child WHZ, HAZ, and HHS scores
across all 5 SPI windows and included the relevant covariates in each regression. Due
to the number of hypothesis tested (30), we used a Bonferroni correction when testing
for statistical significance of the coefficient of the SPI term to avoid the possibility of a
type I error of incorrectly rejecting the null hypothesis, and hence, we use an alpha
value of α ¼ 0:0530 ¼ 0:00167. In the case of Bangladesh, given the availability of the
panel dataset for HHS, we first conducted a Chow test to identify a possible structural
change over time, in absence of which it would be appropriate to pool the two waves of
data (Wooldrige 2013). The test statistic was not significant for any SPI value (α =
0.01), and there was no a priori reason to expect the effects of precipitation shocks on
food security and nutrition to be different between 2011 and 2015, so we pooled the
waves and included a fixed effect for the survey year. Parameter estimates and test
statistics are presented in Appendix 3.
Table 3 Results of a Moran’s I test for spatial autocorrelation for WHZ, HAZ, and HHS residuals in
Bangladesh and Ghana
Country Variables Observed value Expected value Standard deviation P value
Ghana HAZ 0.00247 − 0.00074 0.00549 0.559
Ghana WHZ 0.00603 − 0.00074 0.00549 0.217
Ghana HHS 0.0477 − 0.00042 0.00384 0
Bangladesh HAZ 0.00887 − 0.00031 0.00236 0.000105
Bangladesh WHZ 0.00496 − 0.00031 0.00236 0.0261
Bangladesh HHS 0.00422 − 0.00011 0.000911 0.00000203
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Finally, while the outcome variable of the HHS is a series of discrete categories and
would be ideally suited for an ordinal logit or probit regression, this functionality was
not available in the spdep package of R (Bivand et al. 2005), which was used to
estimate the regressions. Thus, we fit those regressions as if HHS were a continuous
outcome variable. While this may not yield perfect estimates of the coefficients, our
main interest is in the signs of the coefficients and their standard errors, and a
comparison of aspatial ordered logit and OLS regressions shows that the signs of the
coefficients are the same in almost all cases and that the t-scores are similar (Appendix
4). This suggests that the t-scores for a regression with the HHS as a continuous
variable are roughly the same as t-scores for an ordered logit regression and that
overstating the significance of a variable by treating the HHS as a continuous variable
should not be an issue. Furthermore, the HHS has been validated to show consistency
in item-step severity in most cases (Deitchler et al. 2010), suggesting that it may give
reasonable coefficient estimates if treated as a continuous variable.
ESDA
We tested for spatial autocorrelation in our outcome variables as well as in the residuals
of an OLS using a Moran’s I test for each outcome variable and each country. This
showed that there was spatial autocorrelation for the HHS score in Bangladesh and in
Ghana, as well as for the HAZ and WHZ score in Bangladesh; however, there was no
autocorrelation for HAZ or WHZ scores in Ghana.
For the three outcome variables for which there was spatial autocorrelation, we
examined a correlogram to determine the distance at which autocorrelation
persists (Fig. 6). The distance at which the 95% error bar dips below 0 is the distance at
which a Moran’s I test no longer shows significant spatial autocorrelation. This showed
that there was significant (p < 0.05) spatial autocorrelation to 80 km for the HHS score in
Bangladesh, to 30 km for the HAZ score in Bangladesh, to 20 km for the WHZ score in
Bangladesh, and to 125 km for the HHS score in Ghana. We used these distances to
establish the cutoff distances in defining our spatial weights matrices for the SERs.
Ghana
Although we varied the SPI window from 1 to 5 years, the covariates remained mostly
unchanged and had similar estimates across the regressions. The child’s age was a
Bangladesh − HAZ Bangladesh − HHS Bangladesh − WHZ Ghana − HHS
0 50 100 150 0 50 100 150 0 50 100 150 0 50 100 150
0.0
0.1
0.2
Distance (km)
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Fig. 6 Correlograms showing Moran’s I at various spatial lags, with a 95% confidence interval shaded in gray.
These estimates were used to create the spatial weights matrices used in the regressions
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significant predictor of the child’s HAZ or WHZ score, with older children having
lower HAZ scores but larger WHZ scores. Household size and household religion were
significant predictors of HAZ scores, with larger households being associated with
higher HAZ scores and households with no religion being associated with children with
lower HAZ scores. Various regions were also significant as fixed effects for child WHZ
scores. For HHS scores, significant covariates included the household size, household
head age, whether the household head was literate, and the household religion.
Additionally, the average annual precipitation was significant across many of the
HHS regressions, with households receiving more annual precipitation being associated
with less hunger.
For SPI values, excessive rainfall over a short time window of 12 months was
associated with lower WHZ scores, whereas excessive rainfall over longer time
windows of 36 months were associated with lower HAZ scores. Excessive rainfall
over periods of 36 and 48 months were also associated with lower HHS scores (Fig. 7).
Bangladesh
Many of the covariates were significant in the Bangladesh regressions. Similar to
Ghana, the child’s age was significant for both HAZ and WHZ scores; however, in
Bangladesh, older children had both lower HAZ and WHZ scores. Household head
education had significant effects on both WHZ and HAZ scores, with more educated
household heads being associated with better nourished children. The month of the
household survey also had a significant effect on both HAZ and WHZ scores, espe-
cially for months earlier in the calendar year. For covariates of HHS, education played a
significant role, with more educated household heads having lower HHS scores,
indicating less hunger, and less-educated household heads having higher HHS scores,
indicating more hunger. Other household demographic factors were also important,
with households with a larger fraction of young and old having higher HHS scores, and
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Fig. 7 Coefficient estimates for Ghana for SPI values calculated at varying windows. Error bars and
significance values are shown after accounting for a Bonferroni correction. Note: while higher HAZ and
WHZ scores indicate good nutrition, higher HHS scores indicate poor food security. Figure was made in R
using the ggplot2 library
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larger households having lower scores. Many of the divisions of Bangladesh were also
significant predictors of a household’s HHS score. Finally, mean annual precipitation
was never a significant predictor of a household’s HHS score.
For nutrition and food security outcomes across all of the SPI time windows, the
recent SPI was never a significant predictor of child nutrition outcomes like HAZ and
WHZ. However, the 48-month SPI was a significant predictor of household hunger
scores, with greater rainfall being associated with higher scores, indicating more
hunger. None of the other time windows were significant predictors of hunger (Fig. 8).
Discussion
This study has contributed to the literature on precipitation shocks and food security
and nutrition in three ways. First, it has demonstrated the utility of SER in accounting
for geographic autocorrelation in food security outcomes. This type of model can
reduce the impact of unobserved spatial processes that can confound results in a simple
OLS regression. Such an approach is important for disentangling the effects of climate
from other variables that also have a spatial component, such as wealth, market access,
and livelihood systems. Secondly, this study has compared how shocks over various
time periods may affect food security and nutrition outcomes in both an arid country as
well as in a country with relatively high average rainfall. Finally, this study has
examined how both anthropometric measures and the HHS response to precipitation
shocks and demonstrates that the HHS is a useful and informative metric of studying
household food security.
The distribution of both precipitation regimes and precipitation shocks have a spatial
component—nearby households are likely to have similar precipitation patterns and
experience similar precipitation shocks. Similarly, nearby households are likely to have
similar levels of food security and nutrition, as these are affected by a variety of
Household Hunger Scale Height−for−Age Z−Score Weight−for−Height Z−Score
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Fig. 8 Coefficient estimates for Bangladesh for SPI values calculated at varying windows. Error bars and
significance values are shown after accounting for a Bonferroni correction. Note: while higher HAZ and WHZ
scores indicate good nutrition, higher HHS scores indicate poor food security. Figure was made in R using the
ggplot2 library
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underlying spatial processes such as the distribution of wealth, infrastructure, and
livelihood systems. Thus, when assessing the relationship between precipitation pat-
terns and food security outcomes, it is important to control for this autocorrelation to
minimize the possibility of a type I error and incorrectly reject the null hypothesis. In
this paper, we demonstrate this approach, beginning with an ESDA to identify for
which regressions a SER is necessary.
Examining SPI calculated across different windows allowed us to compare how
rainfall levels over different periods of time affected child nutrition and household food
security. In Ghana, the response of WHZ and HAZ scores to different rainfall windows
were in line with what the literature would suggest: short-term rainfall shocks over
12 months were significant predictors of WHZ scores, an indicator of short-term
undernutrition, whereas longer periods of 36 months were significantly associated with
HAZ scores, which indicate long-term, chronic undernutrition (Lewit and Kerrebrock
1997; WHO 1995). In both cases, increased rainfall was associated with worse nutrition
outcomes. While HAZ and WHZ scores respond differently to rainfall shocks over
different time periods, in both Ghana and Bangladesh, household hunger was affected
by longer term processes. This suggests that most households will not experience food
insecurity after a single poor crop season or even a year of poor yields. Rather, in the
two countries examined, it is the compounding effects of multiple years of precipitation
extremes that make households vulnerable to hunger. This indicates that some studies
which have examined the impacts of short-term SPI on malnutrition would benefit from
also examining SPI calculated over longer timescales (Delbiso et al. 2017; Lazzaroni
and Wagner 2016). Finally, in Ghana, higher average annual precipitation levels were
associated with lower household hunger scores, suggesting that there may be impacts
on food security as areas experience gradual drying over multiannual and decadal
periods, rather than just precipitation extremes over shorter periods.
By comparing Ghana and Bangladesh—two countries with similar levels of wealth
per capita2 and large agrarian populations but starkly divergent precipitation regimes—
we can get a better sense of what kind of precipitation shocks affect food security in
which contexts. Overall, with regard to hunger, it seems that in arid Ghana, more
rainfall improves food security, as decreased hunger was associated with both increased
precipitation over 36- and 48-month windows as well as increased average annual
precipitation. It is particularly noteworthy that all households in Ghana were observed
during wet periods, and even exceptionally high precipitation levels were not associ-
ated with increased hunger. In contrast to Ghana, in Bangladesh, increased rainfall was
associated with more hunger. This is not entirely surprising, given that flooding in
Bangladesh has been associated with increased stunting and food insecurity (Del Ninno
et al. 2003; Douglas 2009; Monirul Qader Mirza 2002). These findings indicate that
precipitation shocks will not necessarily harm food security in all contexts. Rather,
whether or not a shock affects food security is depended on prevailing agro-ecological
conditions. In comparing Bangladesh and Ghana, results further indicate that food
security and nutrition in northern Ghana may be more sensitive to rainfall deviations
from long-term norms than Bangladesh is, as WHZ, HAZ, and HHS scores were
affected by precipitation in Ghana, but only HHS scores were affected by precipitation
2 According to the World Bank, in 2017 Ghana had a GDP per capita of $1,641.49 while Bangladesh had a
slightly lower GDP per capita of $1,516.51 (The World Bank 2019)
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in Bangladesh. This may be due to the fact that Bangladesh has extensive irrigation
infrastructure, making agricultural production less affected by local rainfall.
Another contribution of this study to the literature was the comparison of the HHS to
child anthropometry. In Ghana, counterintuitively, greater rainfall was associated with
less hunger but more undernutrition. Furthermore, the findings are more robust and less
likely to be due to spurious correlation because we controlled for both spatial autocor-
relation and testing multiple hypothesis by using a SER regression as well as a
Bonferroni correction. These findings may be explained in part by the role that infec-
tious disease can play in affecting child nutrition (Dowell 2001; Patz et al. 2004). Excess
rainfall can lead to increased incidence of malaria (Briët et al. 2008; Odongo-Aginya
et al. 2005; Thomson et al. 2005), parasite infections (McCreesh et al. 2015; Raso et al.
2006), diarrheal disease (Carlton et al. 2014), and other infectious diseases (Patz et al.
2005), especially cholera (Hashizume et al. 2008; Moore et al. 2017). These effects may
be especially pronounced in areas without the appropriate infrastructure to handle large
quantities of rainfall. Thus, it may be that increased rainfall has mixed results for food
security, because while it can lead to more food production and agricultural income, it
can also hamper food utilization due to an increased disease and parasite burden. These
results reinforce the notion that climate change will have complex impacts on human
well-being. Furthermore, these results echo previous findings that food security is
complex and multidimensional, and is more accurately characterized by using multiple
complementary metrics (Coates et al. 2003; Vaitla et al. 2017).
In Bangladesh, only the HHS was related to rainfall patterns, while both HAZ and
WHZ scores were uncorrelated with recent rainfall aberrations, even though previous
literature had found a relationship between high rainfall and stunting in that country
(Rodriguez-Llanes et al. 2011). This may be somewhat due to the fact that the dataset
used in the analysis has relatively few households with children under 5 years old (only
15% in Bangladesh in both 2011 and 2015), meaning that the regressions for HAZ and
WHZ scores relied on datasets of significantly reduced size. Thus, the regressions with
anthropometric outcomes had less statistical power for inference. These findings
suggest that, while much previous literature has focused on the relationship between
rainfall and child anthropometry (Cornwell and Inder 2015; Lopez-Carr et al. 2016;
Maccini and Yang 2009; Rodriguez-Llanes et al. 2011), rapidly deployable metrics of
food security at the household level such as the HHS may be more robust indicators of
climate change impacts than just child anthropometry, especially as birth rates decline
worldwide and households are less likely to have children under five present.
While this study made several contributions to the literature, there remain further
avenues for research. For example, while we controlled for additive effects of irrigation
in Bangladesh, future work could test for an interactive effect between irrigation levels
and SPI. Furthermore, future studies could account for temperature, which has been
shown to have a direct effect on child health outcomes (Grace et al. 2015) and also
plays a significant role in intensifying the severity of drought on agriculture because it
increases evapotranspiration (Beguería et al. 2014), although available temperature
datasets are typically at coarser spatial and temporal scales than precipitation datasets
(C. C. Funk et al. 2016; Sheffield et al. 2006). Thus, future work could potentially
extend the SPI by using biogeophysical models to estimate local evapotranspiration and
calculate the standardized precipitation-evapotranspiration index (SPEI) in contexts
where temperature data is available.
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Implications
The present work has many implications for policymakers and researchers. We show-
case the utility of SER and emphasize the importance of testing for spatial autocorre-
lation in analysis of factors that vary through space, such as food security and nutrition.
Our study also highlights the utility of the HHS as tool to measure food security in
addition to commonly used anthropometric metrics such as the child anthropometrics
Z-scores. This is because we found diverging impacts of excessive of precipitation on
anthropometry and household hunger in Ghana, as well as because we found the HHS
to be more sensitive than child anthropometry to precipitation extremes in Bangladesh.
These findings are indicative of the complex ways in which climate shocks can affect
human well-being and highlight the importance of measuring multiple aspects of food
security to get a comprehensive characterization of foods security. More research is
needed on the HHS and similar rapid food security indicators, as policy tools such as
the Integrated Food Security Phase Classification may benefit from incorporating such
indicators (IPC/FAO 2015). Finally, we have presented evidence that both drought and
periods of excessive rainfall are significantly correlated with food security outcomes,
with dry areas potentially more vulnerable to drought and wetter areas potentially more
vulnerable to excessive rainfall. To better understand the role that environmental and
infrastructural context plays in moderating the impacts of precipitation shocks and food
security and nutrition, more comparative and multinational studies are needed.
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Appendix 1. Asset index variables
Ghana
The asset index for Ghana included dwelling conditions; whether the house was rented,
owned or borrowed; water treatment, source for light and fuel; garbage disposal; roof
and walls material; type of toilet; and water sources, all variables reported in Module 9.
Bangladesh
The asset index for Bangladesh included the household’s total land area cultivated,
rented, owned; house ownership, number of rooms in the house; whether house had
electricity; water source; toilet type; roof, walls, and floor material; number of cattle,
poultry, sheet, goats, and other livestock owned; television, radio, motorbike, tele-
phone, tractor, or cart plow ownership; and whether the household used organic or
chemical fertilizer.
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Appendix 2. Summary statistics
Table 4 Child stunting
Ghana Bangladesh
Child’s age (months) Max 59 60
Mean 32.4 29
Min 7 0
Child’s sex (%) Female 49.6 49.1
Male 50.4 50.9
Child’s birth order Max 18
Mean 4.2
Min 1
Number of siblings born within 24 months Max 4
Mean 0.4
Min 0
Child’s height-for-age Z-score Max 5.5 5.9
Mean − 1.5 − 1.7
Min − 6 − 5.9
Child’s weight-for-age Z-score Max 4.9 4.9
Mean − 0.2 − 0.8
Min − 5.0 − 4.9
Asset index Max 5 5
Mean 3 3.1
Min 1 1
Fraction of dependent age individuals in household Max 0.9 1
Mean 0.5 0.5
Min 0.1 0.1
Household size Max 28 14
Mean 7.6 5.2
Min 2 2
Household head age (years) Max 97 90
Mean 39.2 39.2
Min 18 18
Household head’s education (%) High school 2.6
Never 41.9
Primary 49.5
Secondary 5.4
University 0.6
Household head sex (%) Female 12.2 15.9
Male 87.8 84.1
Household head literacy (%) Illiterate 79.6 18
Literate 20.4 82
Household head religion (%) Christian 37.1 0.3
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Table 4 (continued)
Ghana Bangladesh
Hindu 9.5
Muslim 40.4 90.2
None 1.6
Traditional 20.9
Percent of rice area irrigated Max 1
Mean 0.5
Min 0
Population within 7.5 km of household (1000 people) Max 43 529
Mean 10.2 185
Min 1.3 11.9
Year (%) 2011 52.7
2012 100
2015 47.3
12-month standardized precipitation index Max 1.5 2.6
Mean 0.8 − 0.2
Min − 0.5 − 1.7
24-month standardized precipitation index Max 1.7 2.2
Mean 1.1 − 0.5
Min 0.3 − 2.3
36-month standardized precipitation index Max 2.3 2.3
Mean 1.4 − 0.6
Min 0.4 − 2.3
48-month standardized precipitation index Max 2.2 2.3
Mean 1.4 − 0.7
Min 0.3 − 2.2
60-month standardized precipitation index Max 2.5 3.1
Mean 1.6 − 0.4
Min 0.4 − 2.5
Average annual precipitation (1000 mm) Max 1.4 5
Mean 1.1 2.5
Min 0.9 1.4
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Table 5 Household hunger
Ghana Bangladesh
Asset index Max 5 5
Mean 3 3
Min 1 1
Fraction of dependent age individuals in household Max 1 1
Mean 0.4 0.4
Min 0 0
Household size Max 28 14
Mean 5.8 4.4
Min 1 1
Household head age (years) Max 100 105
Mean 45.1 45.2
Min 15 17
Household head gender (%) Female 18.2 18.6
Male 81.8 81.4
Household head literacy (%) Literate 21 78.3
Illiterate 79 21.7
Household head education (%) Primary 44.9
Education 5.8
High school 2.3
University 0.6
None 46.3
Household head religion (%) Christian 40.9 0.3
Hindu 11.2
Muslim 35.1 88.6
None 2.1
Traditional 21.9
Household Hunger Scale (HHS) score 0 1022 (43.2%) 8328 (89.1%)
1 261 (11.0%) 548 (5.9%)
2 507 (21.5%) 269 (2.9%)
3 549 (23.2%) 140 (1.5%)
4 15 (0.6%) 32 (3.4%)
5 5 (0.2%) 10 (0.1%)
6 3 (0.2%) 15 (0.2%)
Percent of rice area irrigated Max 1
Mean 0.5
Min 0
Population within 7.5 km of household Max 43,000 577,000
Mean 10,700 185,000
Min 1340 11,900
Year (%) 2011 51.4
2012 100
2015 48.6
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Table 5 (continued)
Ghana Bangladesh
12-month standardized precipitation index Max 2.6 1.5
Mean − 0.2 0.7
Min − 1.9 − 0.5
24-month standardized precipitation index Max 2.2 1.7
Mean − 0.6 1
Min − 2.3 0.3
36-month standardized precipitation index Max 2.3 2.3
Mean − 0.8 1.3
Min − 2.5 0.4
48-month standardized precipitation index Max 2.3 2.2
Mean − 0.8 1.3
Min − 2.2 0.3
60-month standardized precipitation index Max 3.1 2.5
Mean − 0.6 1.5
Min − 2.7 0.4
Average annual precipitation (1000 mm) Max 1.4 5
Mean 1.1 2.3
Min 0.9 1.4
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